Background. Bioluminescence imaging (BLI) modalities are being developed to monitor islet transplant mass and function in vivo. The aim of this study was to use the BLI system to determine how the change in functional islet mass correlated to metabolic abnormalities during the course of alloimmune rejection in a murine transplant model. Methods. Islets obtained from a transgenic mouse strain (FVB/NJ-luc) that constitutively expressed firefly luciferase were transplanted to various implantation sites of syngeneic wild-type FVB/NJ or allogeneic Balb/C streptozotocininduced diabetic recipients. In vivo graft luminescent signals were repeatedly measured after transplantation using the BLI system and related to blood glucose levels and graft site histologic findings. Results. The BLI signals were detected in as few as 10 islets implanted in the renal subcapsular space, intrahepatic, intraabdominal, and subcutaneous locations. There was a linear relationship between the number of islets transplanted and luminescence intensity. In isografts, stable luminescence intensity signals occurred within 2 weeks of transplantation and remained consistent on a long-term basis (18 months) after transplantation. In allografts, after normoglycemia was achieved and stable luminescence intensity occurred, graft bioluminescent intensity progressively decreased several days before permanent recurrence of hyperglycemia as a result of histologically proven rejection ensued. Conclusions. Bioluminescence imaging is a sensitive method for tracking the fate of islets after transplantation and is a useful method to detect early loss of functional islet mass caused by host immune responses even before overt metabolic dysfunction is evident. Bioluminescence imaging holds promise for use in designing and testing interventions to prolong islet graft survival.
S
uccess with pancreatic islet transplantation in human clinical trials (1) (2) (3) (4) (5) has demonstrated that ␤-cell replacement therapy is an effective treatment for type 1 diabetes in select patients. Islet cell transplantation success depends on engraftment of an adequate mass of viable islets that produce sufficient amounts of insulin to ameliorate the diabetic state in the immunosuppressed recipient. However, islets are exquisitely sensitive to mechanical and chemical stresses generated during the isolation and purification processes. Islets are also vulnerable to injury imposed by immediate nonspecific host inflammatory responses, and later, allospecific rejection and potential autoimmune reactions after transplantation. As a result, state-of-the-art methods of isolating, purifying, and transplanting islets from a single donor pancreas infrequently result in achieving even short-term insulin independence.
Perhaps more importantly, even after repeated islet infusions and achievement of insulin independence, graft function appears to slowly erode over time in most recipients, as indicated by the decreasing percentage of recipients who remain insulin-independent 3 years or longer after the initial transplantation (6, 7) .
To better understand the dynamic fate of transplanted islets and the relationships among the islet mass that ultimately engrafts, the quality of graft function, and overall glucose homeostasis, sensitive and noninvasive methods of realtime imaging to fate-map the functional mass of islets in vivo need to be developed. Such a modality would permit detection of early changes in islet graft function or mass to prompt timely therapeutic intervention and change the fate of the graft. Several noninvasive imaging approaches are being developed in the field of islet transplantation. These include the use of positron emission tomography (8) , magnetic resonance imaging (9, 10) , and newer modalities, as emphasized in this report, based on the transmission of light through tissues, such as in vivo bioluminescence imaging (BLI). However, none of these modalities have been applied to detect changes in the early failing graft.
Bioluminescence imaging modalities using light-generating enzymes (e.g., luciferase) and low-light imaging devices based on exquisitely sensitive CCD cameras have been developed and refined during the past decade. These systems are now capable of revealing cellular and molecular features of biology and disease in vivo noninvasively and in real time (11) . Luciferase enzymes produce light by catalyzing the oxidation of the substrate luciferin to oxyluciferin in an oxygenand adenosine triphosphate-dependent process. The low levels of light generated by luciferase in living animals escape the absorbing and scattering environment of the tissues and can be detected externally by a CCD camera. These imaging modalities are suited for making repeated noninvasive measurements of gene expression in transgenic animals that incorporate the reporter gene. We and others (12-15) have reported preliminary studies on the feasibility of applying BLI in islet autotransplant models to detect cells at various implantation sites in vivo. In this study, we have extended the application of BLI to allotransplant models by defining the basic detection characteristics of real-time in vivo imaging of islets to detect changes in functional mass resulting from immunologic events.
MATERIALS AND METHODS

Mice
A transgenic mouse line, Tg(RIP-luc), on the FVB/NJ background (H-2 q ) contains the firefly luciferase gene under the regulation of a rat insulin promoter II (760 bp) that specifically and constitutively expresses firefly luciferase in the pancreatic islet ␤-cells (Xenogen, Alameda, CA). FVBTg(RIP-luc) mice were used as islet donors in each transplant procedure. Wild-type male FVB/NJ (H-2 q ) and Balb/C (H-2 d ) mice were used as recipients (Jackson Laboratories, Bar Harbor, ME). All strains were housed in a barrier facility at Northwestern University and were used at ages of 8 -12 weeks. All procedures relating to the mice were approved by the Center for Comparative Studies at Northwestern University and followed guidelines set by the American Veterinary Medical Association.
Diabetes Induction
Recipient mice were made diabetic by a single intraperitoneal injection of the pancreatic ␤-cell toxin streptozotocin (220 mg/kg body weight, Pharmacia & Upjohn, Kalamazoo, MI). Serum glucose levels were measured daily with a glucometer (OneTouch Basic, Lifescan, Milpitas, CA). Mice that exhibited serum glucose levels greater than 300 mg/dL on 2 consecutive days were considered to be diabetic and used as transplant recipients.
Islet Isolation
Luciferase-expressing islets from FVB-Tg(RIP-luc) mice were isolated by a method previously described (16) . Briefly, anesthetized animals were administered intraperitoneally with 300 mg/kg of Avertin (2,2,2-Tribromoethanol, Sigma, St. Louis, MO). A midline laparotomy was performed and a clamp placed across the duodenum at the level of the common bile duct. The duct was then cannulated and a cold solution of collagenase (13.0 mg per mouse; Type XI, Sigma) in Hanks' Balanced Salt Solution (HBSS; Gibco-BRL/Invitrogen, Carslbad, CA) was injected into the duct. The distended pancreas was then removed and subjected to stationary digestion at 37°C for 15 minutes. The islets were purified from the digestate with use of a discontinuous dextran gradient (Sigma). Islets were hand-picked from the purification media and quantified and placed in HBSS before transplantation.
Islet Transplantation and Functional Outcome
Recipient mice were anesthetized by intraperitoneal injection of Avertin. For islet transplantation procedures under the kidney capsule (KC), the left kidney was exposed through a left lateral abdominal incision. A small nick was made in the capsule and approximately 50 l of Hanks balanced salt solution containing the islets was injected via a custom-designed micropipetting device. The abdominal incision was closed in two layers with 5-0 absorbable Maxon suture (Davis & Geck, Danbury, CT). For intrahepatic transplantation procedures via the portal vein, a midline abdominal incision was performed, the portal vein was exposed, and a 27-gauge needle was used to infuse the islets in 500 L of sterile saline solution. Avitene microfibrillar collagen hemostat flour (Davol, Cranston, RI) was placed on top of the needle entrance site to the portal vein to stop bleeding. For intraperitoneal transplantation procedures, a small lateral abdominal incision was performed to expose the left kidney, and islets were injected into the peritoneum at a site adjacent to the kidney in a volume of less than 50 L. For subcutaneous islet transplantation procedures, a small incision in the skin was made along the lateral side of the abdomen. A subcutaneous pocket was created by blunt dissection with use of round-ended scissors. Islets were implanted in this pocket and the incision closed with 5-0 absorbable Maxon suture. Acceptance of an islet graft was defined by induction and persistence of normoglycemia (nonfasting blood glucose level Ͻ200 mg/dL) and rejection as reversion to glucose levels greater than 250 mg/dL after a period of transient normoglycemia.
Substrate Administration and Bioluminescence Imaging
In preparation for BLI photon detection, recipient mice were anesthetized with 1.5% isoflurane. When anesthesia was induced, 200 mg/kg body weight of substrate luciferin potassium salt (Molecular Therapeutics, Ann Arbor, MI) was administered by a single intraperitoneal injection. The mice were placed into the camera chamber, where a controlled flow of 1.5% isoflurane in air was administered through a nose cone via a gas anesthesia system designed to work in conjunction with the bioluminescent imaging system (IVIS 200; Xenogen). Photon measurement was obtained precisely and consistently at 10 minutes after intraperitoneal injection of luciferin, and BLI acquisition time was exactly 1 minute. A grayscale body image was collected and overlaid by a pseudocolor image representing the spatial distribution of the detected photons. Luminescence was quantified as the sum of all detected photon counts per second within a constant region of interest for each transplant site with use of LivingImage software (Xenogen).
Islet Graft Imaging in Isogeneic Transplantation
A dose-response design using a variable number of RIP-luciferase islets were implanted to different anatomic sites in streptozotocin-induced diabetic syngeneic FVB/NJ mice to determine the sensitivity of the BLI detection capabilities. Luminescent signals and nonfasting serum glucose levels were measured in recipient mice on a daily basis for the first 3 weeks after transplantation and then three times weekly for the remaining period.
Islet Graft Imaging in Allogeneic Transplantation
For allogeneic transplants, 200 FVB-Tg(RIP-luc) mouse islets were implanted under the KC of streptozotocininduced diabetic Balb/c mice. Changes in BLI signal over time were correlated to the functional capacity of the engrafted islet mass to maintain the normoglycemic state. Specifically, bioluminescent signals and nonfasting mouse serum glucose levels were measured daily after transplantation. We sacrificed three randomly selected recipient mice and removed the islet graft-bearing kidneys as specimens for histologic analyses. This procedure was performed at each of three time points after transplantation: 1) day 5; 2) the second day after a decrease in previously stable luminescence intensity; and 3) the first day of recurrence of hyperglycemia caused by alloimmune rejection.
Immunohistochemistry
Mouse kidney biopsy specimens containing the islet grafts were fixed in 10% formalin and embedded in paraffin. Graft samples were cut at 4 m and placed on siliconized slides. Tissue sections were air-dried, heated at approximately 58°C-60°C for adhesion, and deparaffinized. Epitopes were retrieved by heat induction before staining. All antibodies used for staining, including polyclonal guinea pig antiswine insulin antibody, rabbit antihuman CD3 antibody, and antirabbit and anti-guinea pig secondary antibody conjugated to a dextran-labeled polymer and horseradish peroxidase, were purchased from Dako (Carpinteria, CA). After staining, slides were exposed to DAB solution (Dako), counterstained with Mayer's hematoxylin (Sigma), dehydrated, and mounted with cover glasses using a xylene-based mounting medium.
Data Analysis
The luminescent signals emitted from a given area of the recipient mice were expressed in terms of photons per second. The mean (ϮSE) signal intensity from each transplant group was calculated and the unpaired two-tailed Student's t test was used for statistical analyses. A probability value of Ͻ0.05 was considered to indicate significance.
RESULTS
Sensitivity of Bioluminescence Imaging and Islet Dose-Response Curve
In determining the sensitivity of BLI in the detection of minimal islet number or changes in islet mass, we found that BLI signals were detectable when as few as 10 Tg(RIP-luc) islets were implanted in the subcutaneous, KC, intraperitoneal, and intrahepatic sites of syngeneic FVB/NJ mice. The signal intensity increased dramatically when 150 islets were implanted (Fig. 1) . Figure 2 shows a standard curve relating known islet transplant mass to bioluminescent intensity. The curve was generated for the intrahepatic site from data using 50, 150, and 350 Tg(RIP-luc) mouse islets of the same level of luciferase expression and of similar sizes (approximately 150 mm in diameter) transplanted to wild-type FVB/NJ recipients. Immediately after transplantation, these recipient mice received 200 mg/kg body weight of luciferin and underwent 
Islet Graft Imaging in Syngeneic Transplantation
Islet grafts were evaluated after transplantation with use of BLI luciferase gene expression as captured within a defined and consistent area that circumscribed the graft location as an index of functional mass. Figure 3 shows that when 250 Tg(RIP-luc) mouse islets were transplanted in the kidney subcapsular space, a strong luminescent signal (5.6ϫ10 6 photons/sec Ϯ 1.6) was detected on the day of transplantation. The engrafted islet mass efficiently corrected streptozotocininduced recipient hyperglycemia. The luminescent signal intensity decreased approximately 46% in the immediate posttransplantation period until day 14 (3.0ϫ10 6 photons/sec Ϯ 0.4; PϽ0.001). Thereafter, islet BLI signal intensity remained stable for at least 160 days. During this period, islet graft recipients remained normoglycemic. Similar results were observed with islets transplanted at the intraperitoneal or intrahepatic sites. Figure 4 shows the durability of the BLI signal imparted by islets from the transgenic strain of a representative intraperitoneal islet graft at day 1 and 18 months after transplantation (in the same mouse). Figure 5 shows the results of 200 allogeneic islets transplanted under the renal capsular space. Strong BLI signals (3.3ϫ10 6 photons/sec Ϯ 0.2) were obtained early after transplantation and the engrafted islet mass efficiently corrected recipient hyperglycemia. The BLI intensities remained stable for approximately 19 days after transplantation. Then, approximately 5 days before permanent recurrence of hyperglycemia occurred, the BLI signal intensities started a progressive decrease. The mean luminescent intensity decreased 55% to 1.5ϫ10 6 photons/sec Ϯ 0.1 (PϽ0.001) 1 day before the recurrence of permanent hyperglycemia as a result of rejection. On the day when hyperglycemia did occur, the BLI signal intensity decreased 87% to 0.4ϫ10 6 photons/sec Ϯ 0.1 (PϽ0.001).
Islet Graft Imaging in Allogeneic Transplantation
Similar results were obtained with intrahepatic allogeneic islet transplantation. When 200 islets were transplanted intrahepatically into diabetic mice, hyperglycemia was corrected on day 1 after transplantation. The luminescent signal intensity was strongest on the day of transplantation, indicating successful engraftment of islets. The luminescent signal intensity began to decrease at approximately day 5 after transplantation. This decrease was followed 2 days later by an abrupt and permanent increase in the serum glucose level as a result of rejection associated with a sharp decrease in BLI to nearly undetectable levels (data not shown).
Immunohistochemistry
Islet-bearing nephrectomy specimens from the KC allogeneic islet transplant groups were obtained for immunohistochemical detection of insulin-positive cells and CD3-positive T cells at certain time points described in the Materials and Methods section. As shown in Figure 6A , grafts on day 5 after transplantation showed some infiltrating cells surrounding the islets. However, there were no CD3 ϩ T cells present. Moreover, examination of serial sections from three islet graft specimens obtained on day 5 after transplantation did not reveal pathologic damage to islet morphology according to insulin staining. The animals were normoglycemic at this early time point after transplantation. When the BLI signal eventually began to decrease (with the recipient still normoglycemic), islet graft specimens were obtained. Enormous numbers of infiltrating cells were present at the graft site (Fig.  6B) . The phenotype of the infiltrates showed significant numbers of CD3 ϩ T cells beginning to invade and damage the graft. Finally, when islet graft specimens were obtained when overt hyperglycemia occurred, the islets were severely damaged by the CD3 ϩ infiltrating cells and only a few and relatively small insulin-positive islets could be detected (Fig. 6C) .
DISCUSSION
A real-time noninvasive system for monitoring islet grafts in vivo was characterized with use of a luciferase BLI system for syngeneic and allogeneic mouse islet transplantation. Our results demonstrated that BLI is a useful tool that is applicable to the study of islet transplantation in aspects that have previously been inaccessible to investigation. Luciferaselabeled islets can easily be monitored after transplantation by injecting substrate luciferin into the host and capturing light emission with a sensitive CCD camera. Transplantation experiments with use of a functional mouse model of diabetes have previously indicated that approximately 100 -150 islets are required to ameliorate the diabetic state. The BLI system described here can detect as few as 10 islets placed in different anatomic locations, indicating that it is a sensitive method for monitoring islet mass after transplantation in small animals.
The number of islets that can be detected by BLI is a function of many factors, including the CCD camera sensitivity and the expression level of luciferase in the cells. As Rice et al. (17) noted, models of photon diffusion through tissue have indicated that as few as 100 bioluminescent cells should be detectable when placed in subcutaneous sites, and approximately 10 6 cells would be required to generate signals that can be detected through 2 cm of tissue. These predictions were made with the assumption of a light output of certain photons per cell per second at a wavelength of 650 nm. Therefore, when enough cells expressing high enough numbers of the reporter molecules are transplanted, bioluminescent lights can theoretically be detected externally in larger subjects such as humans, provided that scale-up in technology is feasible. Short-term in vivo imaging of human islets labeled with luciferase via viral-vector-mediated gene transfer has been reported (13, 14) . As gene therapy technology improves, more clinically acceptable and efficient means of gene transfer will be developed. It is expected that the luciferase gene can eventually be introduced efficiently to human islets via gene transfer methods that are nonimmunogenic and subsequently result in long-term stable high expression of luciferase.
If the CCD technology can be scaled up, it is conceivable to consider labeling just a representative portion of the transplanted islet population with the reporter gene. However, a major limitation might be the transmission of signal through thicker layers of tissue unless islets are transplanted subcutaneously or within a few centimeters beneath the surface of the body with use of the current technology. Because the BLI signal can be absorbed by the mammalian tissue, the deeper the light source, the weaker the signal. There is much to be improved concerning these issues, including the finding of a reporter gene with a much more detection-favorable light emission spectrum for mammalian tissue.
Sufficient and stable labeling of human islets with a strong bioluminescence-generating reporter will be the key to successful clinical application of this technology. Currently, the importance of BLI lies in its ability to provide information on the physiology of living cells in vivo in small animal models.
In our mouse islet transplantation models, a standard dose curve relating known islet transplant numbers to BLI light intensities for each transplant site allows correlation of FIGURE 6. Immunohistochemical findings in islet allografts implanted under the KC according to time after transplantation as related to changes in BMI intensity. Paraffin sections of graft biopsy specimens were stained with antiinsulin or anti-CD3 antibodies. Kidney samples bearing islets were harvested at the following time points: (A) at day 5 after transplantation; (B) the second day after a significant decrease of BLI intensity while normoglycemic; and (C) on the day of recurrent hyperglycemia caused by rejection.
islet luminescence intensity with islet mass. The observed linear correlation of light emission to islet number implanted in the liver and at a subcutaneous site (12) strongly suggests the possibility that, at any given time and site, islet mass after transplantation can be extrapolated from the curve based on the luminescence intensity. In addition, the data showed that small changes in islet number resulted in significant changes in the signal intensity detected by BLI, further validating the use of BLI as a sensitive noninvasive means of islet mass assessment in mouse models of diabetes and islet transplantation. This suggests that the imaging of islets after transplantation can serve as a high-throughput model for the assessment and screening of novel therapeutic procedures aimed at increasing islet survival.
Bioluminescence imaging can reveal the process of islet engraftment by tracking the position and quantity of the tagged cells. Bioluminescence imaging is a method that tracks the location of engraftment and potential for migration of the transplanted islets, providing crucial data to allow better understanding of the association of graft outcome with the surrounding environment. Bioluminescence imaging allows visualization and measurement of any changes in functional islet mass as reflected in the bioluminescence signal intensity in the same animal. This permits comparisons of BLI signal intensities on the day of transplantation and thereafter to estimate the percentage of initial islet engraftment, changes in functional mass over time, and evaluation of potential treatments that may improve the efficacy of islet engraftment. With an isotransplant model, we observed a dynamic change in BLI signal intensity during the immediate posttransplantation period. The BLI signal intensity became stabilized after day 14, by which time the luminescent intensity had already decreased 46%, indicating a loss of almost half of the transplanted islet mass. These results are consistent with what others have reported in terms of ␤-cell death in a syngeneic islet transplant model with use of conventional assays such as morphometry, apoptosis detection, and insulin gene transcript and protein measurements contained in graft biopsy specimens (18, 19) .
Our studies in allotransplant models demonstrated the utility of BLI in monitoring islet transplants for rejection. Previously, the only indication of graft rejection was overt hyperglycemia. In this study, a significant decrease (Ͼ50%) in BLI signal intensity was detectable several days before the increase in serum glucose level during the islet graft rejection process. Immunohistochemical examination of graft samples at this stage confirmed islet damage caused by infiltrating CD3 ϩ T cells. A lethal alloimmune rejection reaction causes cell death and functional inhibition associated with an inevitable decrease in luminescence intensity. However, at the very early stages of islet injury, serum glucose levels will remain constant and in a normoglycemic range. As the rejection reaction continues, a critical threshold is soon reached when too few ␤-cells are left to compensate for the cumulative loss. When the tipping point is reached, a sudden and permanent increase in glycemia occurs. Early bioluminescence decay of islet functional mass therefore serves as a prompt that overt metabolic dysfunction is imminent. The BLI system can be used to detect early alloimmune-mediated islet graft rejection and may therefore be leveraged as a system for testing the efficacy of anti-rejection therapies.
However, bioluminescence can be influenced by multiple factors besides islet functional mass. It is important to consider the effect of these other factors. For example, mouse serum glucose levels can influence BLI signal intensity generated from RIP-luc islets. Hyperglycemia stimulates a slightly stronger BLI signal (Chen et al, 2006) . It is therefore important to monitor mouse glucose levels at the time BLI images are obtained. We monitored isografts under stable glucose levels so that glucose had a negligible influence on imaging intensity. The rejecting allografts, despite eventual hyperglycemia, exhibited a significant decrease in signal intensity several days earlier, thereby providing useful information regarding the pace of the rejection process. It is interesting to ponder whether replacing the rat insulin promoter with one that is completely unresponsive to glucose regulation might result in an earlier and greater decrease in bioluminescent signal intensity before the detection of permanent hyperglycemia.
Measurements of BLI are also subject to some inherent limitations. Because of the rapid changes in the magnitude of luminescence intensity after luciferin injection, comparisons of quantitative data must take into consideration the time after injection for any given transplant. In addition, correlation of light emission to islet mass and function must take into account the factors that influence light transmission from the bioluminescent source to the CCD camera aperture. The intensity of light emitted from the graft is directly influenced by islet number and function and by the distance between the graft and the surface of the host body. As can be predicted, islets infused via the portal vein can engraft at any location in any lobe of the liver. Consequently, the mouse position best for luminescent imaging may not always be dorsal or ventral. It is best to perform three-dimensional scanning of the whole mouse body. The sum of the signal intensities would best reflect the mass and function of all the transplanted islets. The intensity of the light is also a function of the efficiency of luciferin reached and reacted with the cells, and indirectly reflects the condition of the blood supply and the local oxygen and adenosine triphosphate levels of the graft. Other factors influencing BLI measurements include surgical artifacts, motion artifacts (i.e., mouse positioning at imaging), and subject body weight artifacts. It is therefore helpful to include in the imaging system an internal control such as luminescent beads (20) . In vivo BLI measurements can also be influenced by the amount of luciferin that actually reached the graft site (i.e., injection artifacts). Care and consistency with respect to the amount and location of luciferin injection is required. For these reasons, consistency in animal positioning, luciferin dosing, BLI acquisition time, and timing after luciferin injection is critical.
In conclusion, the use of BLI to monitor in vivo activity, in combination with assays such as blood glucose measurement and graft immunohistochemistry, provides a more complete analysis of the fate of the engrafted islets. In addition, determining endpoints of actual rates of islet engraftment will lead to the identification of new donor organ variables and technical parameters that correlate with success. In addition, being able to monitor the dynamic process of islet mass change over time in vivo allows better understanding of the effects of the transplant environment, vasculature, and host immunity on islet function and viability. This technique also allows rapid evaluation of any treatments that may be applied to improve the efficacy of islet engraftment or prolong graft survival. With the development of noninvasive functional imaging of protein-protein interactions in living cells (21) , cellular and molecular features of islets after transplant can be revealed in real-time. Noninvasive methods for real-time monitoring of islet graft location, mass, and function after transplantation are destined to become standard tools to access the physiological processes of the implanted islets and the immunology of islet transplantation.
